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I. ABSTRACT

Four types of global flight paths are examined and compared
with the skip path. With the latter path, a vehicle can circumnavigate
the globe without attaining circular velocity. However, for operational
reasons, it is necessary to consider flight paths involving either
circular or higher velocities. The four paths considered are a spiral
path, an elliptic path, a constrained path, and a sustained path. The
assumptions used and the methods of calculation are described in
some detail. A brief study of the weight of vehicles capable of
attaining the various flight paths is also included.

The specific requirements, advantages, and disadvantages of
each type of path have been summarized.
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H. INTRODUCTION

The global weapon system is defined as a reconnaissance
and/or bombing vehicle which completes at least one circumnavigation
of the globe before descending to the surface and which, therefore, is
capable of returning to its take-off site withdn the continental United
States.

Rocket propulsion is superior to other modes of propulsion at
very high speeds and altitudes. Therefore, the natural field of appli-
catien of a rocket-powered weapon system lies at very high speeds
approaching, or even exceeding circular velocity. The effect of
frictional heating on the airframe structure imposes minimum altitude
limits which bect ie higher as the flight speed increases. The aero-
dynamic phenome. ' accompanying the body motion at high speed and
altitude rapidly reL ice the effectiveness of the atmosphere as a means
for transportation. At the same time, inertial effects, inherently
associated with curved high-speed motion about the earth's center,
progressively remove the need for aerodynamic lift. Therefore, as
circular velocity is approached, it is logical to utilize this centrifugal
effect to gain range inertially rather than aerodynamically. It is then
no longer necessary to use air for gliding. Range is obtained more
efficiently under near-vacuum conditions where the drag is very small.
The atmosphere gains new significance as a brake to decelerate the
descending vehicle. The important difference in this case is that the
descent can occur at maximum lift coefficient rather than maximum
lift-over-drag ratio, as required for greatest aerodynamic range.
During flight at maximum lift coefficient, range is sacrifieed for the
sake of maximum altitude at any given speed. The lower pressure at
greater altitude effectively reduces the transport of thermal energy
from the outer, hot boundary layer regions to the airframe. Therefore,
this type of flight path results in a decrease of heat flux density into
the skin, compared to the maximum lift-over-drag path, and alleviates
the technical difficulties associated with aerodynamic heating. Another
advantage in gaining range inertially rather than aerodynamically lies
in the low degree of energy dissipation because the drag force is
considerably smaller than in aerodynamic flight. The vehicle therefore
loses relatively little energy during cruise above approximately
400,000 ft. Replacement of this energy decrement by an additional

2 burst of power does not require much propellant and permits a second
circumnavigation at negligibly small expense, compared to the effort
required for the first revolution..
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These three potential advantages - independence from bases
outside the continental Uniled States, alleviation of the temperature
problem, and rapidly grovwing flight efficiency with increasing number
of circumnavigations - make the global weapon system an attractive
extension of the MX-2270 hypersonic weapon concept. This report
summarizes the p)relimJinary analyses of various global weapon
system flight path.j.
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111. GhENERAL DISCUSSION OF FLIGHT PATH TECHNIQUES

Figure 1 compares different flight path techniques available
to rocket-powered intercontinental weapon systems in order to
illustrate the relative position of the global weapon system. The
ballistic trajectory for 5,000 nautical mile-range with initial velocity
of 23,000 feet per second, leads to an altitude of the order of 700
nautical miles, or, 4.2 million feet. For the same initial velocity,
the range can be increased to about 12,000 nautical miles by using a
glide path. Considerably lower altitudes, not exceeding 250,000 feet,
are required for this path. Although strongly influenced by the
centrifugal effect, this flight path retains its aerodynamic character
because lift and aerodynamic control are always needed. An optimistic
estimate indicates that a further increase in range to about 19,500
nautical miles at the same initial velocity, can be obtained by using
the skip path concept, which actually combines the ballistic flight path
with the glide path. The maximum altitude of this path can be expected
to lie between the altitudes found for the two previously mentioned
paths. In the present case, the first "peak" leads the vehicle to nearly
950,000 feet altitude, followed by a "valley" at about 250,000 feet
altitude, which is reached approximately 480 seconds after passing
the first peak. In this valley the normal load factor, which is zero
during the ballistic portion of the path, reaches a value of about 6.5g
absolute. Weightlessness is restored while climbing to the second
peak (about 625,000 feet altitude). In the second valley the normal
load factor is 3.5g absolute. With each subsequent valley the normal
load factor becomes smaller. However, in the fifth and sixth valleys
it is still of the order of 2.3g absolute. The sixth valley is pa,.sed
nearly 3000 seconcls (50 minutes) sfter reaching the first peak. By
that time the vehicle has covered a range of about 11,500 nautical miles
and its velocity has been reduced to 19,000 feet per second. There-
after, the normal load factor decreases rapidly below ig at all times,
because the upwardly directed centrifugal acceleration due to the
flight speed (which still remains high) more than compensates for the
small increase in apparent weight in the now rather flat valleys. At
about 13,500 nautical miles from the take-off point, the decay into a
glide path is practically completed. The velocity is 18,000 feet per
second, and, with this residual energy, the vehicle is capable of adding
another 6,000 nautical miles to bring the total range to 19,500 nautical
miles. This is nit a full circumnavigation of the globe, but a path of
this; lngth v'.ill pernit the location of the landing site within an area

'.', the c,• •fincntal United States or its immediate vicinity. In
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terms of range for a given initial speed the skip path is most effective.
However, extremely accurate flight control is required, in order to
accomplish the frequent transitions from vacuum to atmospheric flight.
A dual control system is needed - jet control for vacuum and aero-
dyamuic control for the atmospheric portion. These systems have to
be activated alternately while maintaining the attitude angle of the
vehicle with a degree of accuracy which would be difficult to accomplish
even in the simpler case of only one control system continuously in
operation. A slight error in the angle of attack, particularly in the
first valleys, would significantly alter the flight path and produce
normal load factors much in ex:cess of the high values already experi-
enced along the correct path. These load factors and the addition of
adequate safety factors for the pilot would lead to a considerably
higher take-off weight for the same cut-off velocity than in either the
ballistic or the glide case. This weight penalty alone offsets much, if
not all, of the range advantage associated with the skip path. A final
principal disadvantage of the skip path is that it is not well suited for
reconnaissance missions because of the frequent altitude variations
and is even less suitable for bombing because of simultaneous and
continuous changes in altitude, velocity, and trajectory angle.
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IV. DESCRIPTIONS OF FLIGHT PATHS FOR THE
GLOBAL WEAPON SYSTEMS

Although from the viewpoint of flight mechanics alone, the skip
path can lend global capacity to a vehicle not capable of attaining
circular speed, it is necessary for operational reasons to consider
other flight paths on a higher level of energy which involve circular
or even higher flight velocities. These paths (discussed in Sections IV
through VII) are the spiral path, the elliptic path, and the constrained
path. Only the elliptic path, which involves comparatively the greatest
variation in altitude, is shown in Figure 1 for the sake of clarity. In
addition to these three flight path types, a fourth possibility has been
explored - the sustained path (Section VIII) which involves motion at
constant velocity and constant altitude by means of a sustainer rocket
motor. In order to avoid excessive mass consumption while following
the sustained path, the drag must be small, which requires high
altitude and consequently high flight speed, probably approaching or
reaching circular velocity.

The three flight paths, spiral, elliptic, and constrained, are
depicted in Figures 2 through 4 together with some characteristic
data of each path.

Path I (Spiral)

As shown in Figure 2, the vehicle is delivered horizontally at
circular speed at an altitude sufficient to complete one circumnaviga-
tion of the globe. The vehicle remains in the atmosphere and loses
speed throughout the cruise. The resulting flight path is a spiral.
When entering the denser atmosphere, the aerodynamic portion of the
flight occurs at maximum lift coefficient rather than at maximum lift-
over-drag ratio. The take-off preferably occurs in the direction
opposite to the shortest great circle route to the ta.get area, because
the vehicle then appears over the target area at a velocity and altitude
comparable to that of the MX-2276. If more than one revolution is
desired, the initial altitude must be increased. In this case the vehicle
makes all passes over the target area - except the last one, at near-
circular velocity and at an altitude which is considerably higher than

2 in the case of MX-2276.
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Figure 3. Path Type II: Low Eccentricity Ellipse

a with Perigee Near Target Area
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Path II (Eiliptic)

The vehicle is delivered not horizontally, but at a small tra-
jectory angle at near-circular or circular velocity (Figure 3). The
resulting free flight path is an ellipse whose apogee lies above the
atmosphere, but whose perigee would lie inside the earth if the
vehicle were permitted to follow this path beyond the apogee. There-
fore, a small impulse (burst of power) is needed so that the vehicle
can enter a new ellipse whose perigee lies at an altitude of about
300,000 feet. The orientation of the major axis of the ellipse with
respect to the polar axis of the earth must be such that the perigee
lies over the target area. This again requires a take-off in the
direction opposite to the shortest great circle route so that the far-
out apogee is passed over friendly or neutral territory. Since most
of the elliptic path is outside the relevant atmosphere, the velocity
loss between cut-off and perigee is small, and a second circumnavi-
gation can be effected with comparatively little additional energy. In
contrast to the spiral, the ellipse enables the vehicle to appear over
the target area always at about the same altitude of approximately
300,000 feet, independent of the number of revolutions. The velocity
is always close to circular.

Path MTT (Constrained)

As shown in Figure 4, the vehicle is delivered horizontally at
a cut-off speed which exceeds the local circular velocity. The excess,
referred to as elliptical excess, sends the vehicle into an elliptic
orbit unless it is forced, by negative lift, to stay at the initial altitude
and to follow a circular path. In order to accomplish this, the vehicle
must initially fly at a negative angle of attack, and the initial altitude
must be low enough to permit action of a sufficiently strong aero-
dynamic force. The angle of attack becomes zero as the speed is re-
duced to circular velocity. Thereafter the path is similar to the
spiral (Path I).

Path IV (Sustained)

Again the vehicle is delivered horizontally. Cut-off speed is
sustained at constant altitude by a small sustainer rocket m,,tor which
overcomes the comparatively low drag.
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V. PATH TYPE I: SPIRAL

The spiral path involves the comparatively smallest amount
of changes from the present MX-2276 hypersonic weapon system,
especially if only one circunmavigation is involved. It represents an
increase in flight speed and initial altitude over the corresponding
MX-2276 values. Over a considerable range the vehicle follows an
inertial path of very gradual velocity reduction. The lift-over-drag
ratio in the free molecule flow in which the vehicle must operate is
very small (less than unity), because the lift is negligibly small while
the drag is considerably larger. This increase in drag force results
from the fact that, in the absence of a boundary layer, each molecule
enters into a direct energy change with the wall rather than dissipating
its energy in the boundary layer which acts as a cushion in transfer-
ring energy from the free stream to the wall. The free-molecule flow
region is therefore extremely unfavorable to aerodynamic flight. On
the other hand, although the drag coefficient CD is high in free mole-
cule flow, the drag force as such is small, o'wlng to the extremely low
density. The deceleration of the vehicle is therefore correspondingly
small, If the initial altitude is sufficiently high. Using circular velocity,
in order to be independent of aerodynamic lift, makes it possible there-
fore, to maintain very high speed over a sufficiently long time period
to circumnavigate a significant portion of the earth's circumference
before returning to the denser atmosphere.

The mechanics of transition from such inertial flight back to
aerodynamic flight is not known at present, nor can it be determined
accurately because of lack of theoretical and experimental information.
It is apparent, however, that, in regions where the lift-over-drag ratio
is less than 1, there will be little difference in the motion of a winged
vehicle compared to a nonwinged or ballistic configuration. A real
difference in flight path will not develop until the aerodynamic lift
force has become sufficiently strong to make the presence or absence
of a large lifting area significant. This zone of beginning aerodynamic
flight will be discussed subsequently.

Figure 5 shows the density-altitude relationship and different
dynamic pressures for a velocity which is approximately equal to the
circular velocity in the altitude range under consideration. The density
values are taken from References 1 and 2. The NACA values are based
on the inverse square variation of the gravitational force. In Figure 6
"the dynamic pressure is plotted versus altitude for the same speed.
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This graph includes also the density data of Reference 2, based on an
arbitrary constant value of the gravitational force. Because the RAND
atmosphere requires the greatest altitude to obtain a given dynamic
pressure and therefore yields the most conservative results for powered
ascent, the altitude-density relation of Reference 1 will be used in the
subsequent considerations.

The dynamic pressure as function of flight velocity is shown in
Figure 7 for different altitudes. It can be seen that at a velocity of
24,000 feet per second and an altitude of 290,000 feet, a dynamic pressure
of 10 pounds per square foot is obtained. This pressure is regarded by
NACA as approximate minimum value for maintaining aerodynamic con-
trollability of the vehicle.

Of primary importance for the beginning of aerodynamic flight,
however, is the equilibrium glide condition according to which the lift
force must be equal to the instantaneous apparent weight. The apparent
weight is given by

2
y r

Wapp =W- Fc =W(1 ----------------- -•(1)

where W is the true weight at rest, Fc is the centrifugal force,
v the instantaneous flight velocity, r = r0o + y the instantaneous dis-
tance from the center of the earth and -Y = gr 2 = 1.4055 x 1016 ft 3/sec 2 ,
a constant of the terrestrial gravity field (gravity parameter).
Thus

2

L = CL S -2ov 2 =0 W(I-- ----)-(2)

where L is the lift, CL the lift coefficient with reference to the lifting
area, S the lifting area and o-= P / Po, the ratio of density at altitude y
to surface density. Solving for o- yields a measure for the instantaneous
altitude

W 2 _-
S CL P°°'Y (v -r)C L.....2(3)
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Introducing the general glide parameter Cr CL/(W/S), using
P0o = 2.378 x I0-3 slugs per cubic foot so that poo0 ' = 3.34228 x 1013
pounds per foot, and finally approximating y,/roo - 0, one obtains

C L 0-14

L WF(v= --Y - r., ) ------------- (4)

so that the glide parameter is a function of the velocity only. The
technically important parameter is now the ratio of lift coefficient over
lifting area loss which shall be designated as the lift parameter. For a
given velocity v, the right hand side of Equation (4) is known and hence,
y depends solely on the lift parameter. Figures 8, 9, 10, and 11 show
the change in equilibrium altitude for a number of flight velocities
(both larger and smaller than circular velocity) as function of the lift
coefficient, based on a true lifting area load W/S of 10, 15, 20, and 25
pounds per square foot, respectively. It can be seen that for W/S as
low as 15 pounds per square foot a lift coefficient of about 0.225 is
required in order to maintain an equilibrium altitude of 290,000 feet
( o- = 1.4 x 10-5) at a velocity of 24,000 feet per second. This is a
very high value which probably cannot be obtained. Assuming C =
0.1, o- becomes 3.1 x 10-5, corresponding to 272,000 feet. For•W/S =
20, 0- becomes 4.1 x 10-5- at v = 24,000 feet per second and CL = 0.1
corresponding to an altitude of 266,000 feet. Conversely, at CL = 0.1
and y = 300,000 feet, a velocity of 25,200 feet per second is required
if W/S = 15, and of about 25,400 feet per second if W/S = 20. The
velocity difference is small in this case because of the rapidly growing
centrifugal effect as circular velocity is approached. From this it can
be concluded that the vehicle, when it is slowed down to 25,000 feet
per second, will have descended to the 300,000 foot level. Further
deceleration to 24,000 feet per second will decrease the altitude to
approximately 270,000 feet.

The altitude range which marks the beginning of aerodynamic
flight, hence the beginning of a significant deviation from the path of a
nonwinged vehicle will therefore be approximately 200,000 to 300,000
feet. The velocity at the beginning of aerodynamic flight is then of
the order of 25,000 feet per second or slightly less.

Figure 12, which is based on Figure 17 of Reference 4, shows

that for an initial velocity of 25,000 feet per second the glide range is
of the order of 17,500 nautical miles, based on maximum lift/drag

SECRET
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FIGURE 9 EWJThBR~M DENSITr RATIO AT VARIOUS
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FIGURE U EQUILIBRIUM DENSM RATIO AT VARIOUS
FLIGHT VELOC3TIES AS A FMICI'ION OF LIFT

COEFFICIEN1T FOR A WflM LOADING OF 25 lb/ft2
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flight. The earth's circumference is 21,600 nautical miles, hence,
with a range, obtained during powered ascent, of the order of 700
nautical miles, a full circumnavigation can almost be obtained after
the vehicle speed is decreased to 25,000 feet per second.

Prior to this, its motion will be comparable to that of a non-
winged vehicle, as pointed out before. For such a vehicle a path
calculation has been presented (Reference 5), beginning at an altitude
of 528,000 feet (100 miles). By the time the vehicle has descended to
about 300,000 feet its velocity is approximately 25,000 feet per second
and it has covered a range of 13,200 miles (11,500 nautical miles).
This is more than one half circumnavigation, and shows that this
altitude probably is too high for one circumnavigation of a winged
vehicle. A rough estimate shows that, beginning at 400,000 feet
altitude with circular velocity, a range of about 4000 nautical miles
is covered until the beginning of aerodynamic flight.

These preliminary results indicate that an initial altitude of
400,000 to 450,000 feet and circular velocity as initial speed will enable
the vehicle to complete one circumnavigation and to operate during the
aerodynamic portion of the flight at maximum lift rather than maximum
lift-over-drag ratio. For more than one revolution, however, the
initial altitude, according to the results of Reference 5, will have to be
greater than 500,000 feet and of the order of 600,000 feet.

The computation of trajectories for powered ascent into such
a path shows that, for three stages and initial accelerations of the order
of 1.3g for the first stage, a ratio of actually attained velocity to ideal
velocity which could be obtained in the absence of gravity and drag of

S0.85 to 0.89.( AV)id

For Avtot = 25,800 feet per second, the resulting ideal velocity for

which the mass ratio of the complete vehicle must be designed is
therefore of the order of 29,000 to 30,000 feet per second.

S R
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VI. PATH TYPE II: ELLIPTIC

The elliptic path offers the possibility for placing a considercable
portion of the flight path into vacuo, thereby minimizing the duration of
action of dissipative forces on the vehicle during each revolution. The
action of these forces is confined to the section of the flight path near
the perigee.

On the other hand, the elliptic path involves motion at varying
speed and altitudes above the surface. The greatest altitude and the
lowest speed are attained at the apogee. Lowest altitude and highest
speed occur at the perigee. For the low-eccentricity ellipses under
consideration here, the difference in speed will be comparatively less
important than the difference in altitude, because relatively minor
velocity variations at the perigee (of the order of a few hundred feet
per second) involve changes in altitude which are significant from the
viewpoint of radar reconnaissance and bombing. If the elliptic path
section over the target area lies between the before-mentioned apsides,
then the vehicle experiences the greatest rate of change of altitude as
well as of speed when this is least desirable from the viewpoint of
mission effectiveness. For this reason the perigee should be located
over the target area (the altitude variations are small for a consider-
able distance before and after passing the perigee point).

The simplest and least expensive powered ascent is the ascent
directly into the perigee of a given elliptic orbit. However, the perigee
would then be located near the launching site, that is, over friendly
territory. This is undesirable for the reasons previously given.

Therefore, it is necessary to launch the vehicle at an inclination
corresponding to a point on the ellipse preceding the apogee. The
arrangement must be such that the apogee is reached at the opposite
side of the earth from the target area. It can be shown that for ellipses
whose apogees are relatively close to the launching site and which, at
the same time, are at a relatively low altitude, it is not possible to
place the perigee at an adequate altitude above the target area. In fact,
the theoretical perigee point lies in these cases inside the earth. There-
fore, it is necessary to change the ellipse by a moderate impulse (short
burst of power). It is assumed that this impulse is applied exactly at
the apogee. For the sake of simplicity, it is also assumed that the

) impulse is applied instantaneously, that is exactly at the apogee point,
rather than over a certain path leng;th around the apogee. This
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assumption involves a small or negligible error even if, for reasons
of accuracy, a very small thrust (acceleration) is applied, because the
required velocity increments are small, as will be seen from the
following material.

Referring to Figure 1 in Reference 4, taking Sverdlovsk as
center of the target area, it follows that the apogee must be located at
a surface distance of approximately 4,000 to 5,000 nautical miles from
the take-off point in the direction opposite to the shortest great circle
direction from the take-off point to the center of the target area.

This criterion fixes the approximate distance of the apogee.
The altitude may vary within certain limits which are derived from the
following considerations:

1. The apogee must be high enough to eliminate dissipative air
forces over a major portion of the path. This is one of the principal
advantages of the elliptic path and permits repeated revolutions at
little additional energy.

2. The apogee should not be too high, because the over-all energy
requirement increases with the apogee distance. Therefore, going to
an unnecessarily high apogee, will ultimately cancel the effect of the
absence of dissipative forces on the over -. ll energy requirement.
Moreover high apogee distance leads to high perigee velocity, imposes
increased accuracy requirements for the apogee impulse, and leads to
a considerable variation of flight altitude along the path. This last
effect may not be desirable from the viewpoint of auxiliary radar
navigation.

Consequently, the apogee altitude ,3hould not be greater than
necessary for compliance with the first requirement. This requirement
will limit the minimum apogee altitude to a value of the order of 150
nautical miles (about 900,000 feet). The simultaneous requirement of
a horizontal apogee distance of 4000-5000 nautical miles imposes a
near-circular cut-off velocity on the flight program.

Based on known relations from the mechanics of elliptic flight
paths, a number of elliptic paths have been calculated and condensed in
a set of graphs (Figures 13 through 19). The relations which have been
derived in a form convenient for the present purpose in Reference 6
are numerical eccentricity
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/ ql2 2 2
e (- +q2 tan2  -------------------- (5)

q)1

v1

(Q trajectory angle at cut-off angle of departure)

v1 = .(.V. (Vc)I - - - - - - - -- - -- - - -- - -- - - -- - - -- - - - (7)

where the local circular velocity

(vc)d - ----- ------------------------ (8)

1631

and "y =1.4055 x ft3/sec-2- ----------------- (9)

The cut-off altitude Yl has been taken as 300,000 feet in all numerical
cases below. The apogee distance is

rA = r -q (10)

velocity at the apogee

VA =VCosO A =(Vc)l r- ---- (11)1 I rA (C)VqrA

Semi-major axis
rAr A - - -(12)
1 +e
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perigee distp-r. e

rp = a (1- e) ---------- ---- --- ---- --- ------ (13)

half center angle of path ( 6 = true anomaly Il minus 1800)

tanq 1 (= 1 if Vt =1.0) (14)Itn =• - - ql ( ra-a'i T V 0

range on surface from cut-off point to summit point (apogee)

XIA=r 6(r)-(15)

Since rp < r the ellipse is modified at the apogee by means of an
impulse, in or er to obtain a suitable new perigee distance over the
target area. This distance has been taken in al calculations as
2.119 x 107 feet (y - 300,000 feet). Designating all values pertaining
to the modified ellipse by a prime, one obtains

VA ./2r'

( v -' - --- (16)
c A A + rp

The new apogee velocity is therefore

vA
(v c (V)A (c)A ----------------- (17)

yielding the velocity increment required at the apogee

AvA vA -vA -------------------------------- (18)

The characteristic values of the modified ellipse are

r + r
a = --- - - - (19)2

S1
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parameter

p Fe" 1 P"'

rA
V'p =A r d,2

P

Aside from using the Kepler equation, the flight time between
two points on an elliptic path can also be found from Kepler' s second
law, counting the time from the perigee and using the true anomaly "1

( 0 at the perigee), by integrating the equation
2

dt d7?=------- -- ------------------- (23)

where C is the constant of Kepler's area law. Integrating this equation
(Reference 6)

A t r- • • 2 d - ------- (24)

eliminating C by means of the relation

p2 F325

and expressing the result in terms of numerical eccentricity and radial
distance, yields for the flight time between two points, 1 and 2, on the
ellipse (counting always from perigee to apogee in either direction to
avoid true anomalies > > 180')
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2 22 22
.t.= l •e •2Prl.4-r 1 2(1.e2).p2 - 12pr2-r 2 2(1_e)p

+.sin- [ r 2Kr2(1-e 2 )- sin-P (rl(1-e2'-P) 1(26)

For calculating the time between a cut-off distance r, and apogee
( "q 2 = 1800), the second square root term in Equation (26) becomes
zero. Figures 13 and 14 show the surface range XIA covered between
cut-off point and summit point as function of the cut-off angle 91 (angle
of departure) for different ratios vl/vc and as function of Vl/Vc'for
different values of 81. It is interesting to note that for a Vl/Vc around
0.994 the angle of departure has practically no effect on XlA. The
reason for this is that, as Figure 13 indicates, there is a certain 01
for maximum X1A for each vl/vc. This optimum angle for maximum
range decreases with increasing vl/vc and is zero for vl/vc = 1.
Therefore, for all vl/vc < 1, XIA first increases with 61, reaches a
maximum, and then decreases again. For Vl/Vc = 1, however, XIA

decreases monotonically with G1 > 0". Therefore, plotting X1A versus
VI/vc must yield a cross-over point of curves of different 01. It is
seen that for angles of departure 61 4 100 it is necessary that vl/vcb
0.975, if XlA 1 4000 nautical miles.

Figures 15 and 16 show the variation of the apogee (or summit)
altitude as function of angle of departure and vli/vc, respectively. The
altitudes shown are considerable and indicate that it is important to
keep the angle of departure as small as possible within the limits of
the other requirements.

The velocity increment required to modify the ellipse by an
impulse at the apogee is shown in Figures 17 and 18 as a function of
angle of departure and vl/vc. As was to be expected, the energy
requirement decreases rapidly with decreasing angle of departure.
For large values of vl/vc and small values of 0 1, the required velocity
increment is very small and should not affect u•duly the design of the
upper stage.
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Three sets of curves designating u,v flight time along different
sections of the elliptic path are presented in Figure 19, where AT

rr 1

designates the flight time between cut-off and apogee, 2 is the
half-period of the modified ellipse, after the apogee impulse has been
applied, and A Tr 1 P represents the flight time from cut-off to the

perigee, that is to the target area. The flight time for the residual
portion of the path between target area and launching site depends on
whether another revolution is planned, or whether the vehicle descends
to the surface. In any case the approximate flight time for this portion
is of the same order of magnitude as &TrlA. Figure 19 shows that a

vehicle, following any of the elliptic paths indicated, will coast about
one hour to cover the distance from cut-off point to target area.

During the coasting period, conditions of weightlessness exist
in the vehicle. Not until the vehicle approaches the perigee will an
increasing amount of force due to deceleration be felt, due to the
growing dynamic pressure. Figure 20 shows this dynamic pressure
for local circular velocity as function of flight altitude. It also shows
the deceleration in surface g's for a lifting area load of 20 pounds per
square foot and a drag coefficient of 0.7, based on diffuse reflection of
the molecules from the wall in free-molecule flow.(Reference 3). This
drag coefficient is probably conservative for altitudes below 300,000
feet where a boundary layer begins to form. According to Figure 20,
the deceleration at the perigee reaches a maximum of 0.2 to 0.3g.
(The vehicle velocity at the perigee is not much greater than local
circular velocity as is shown later in this section.) It can also be seen
that above 500,000 feet the deceleration due to drag becomes negligible.

The over-all energy requirement for the elliptic paths, ex-
pressed as ideal velocity, is plotted in Figure 21 as a function of the
angle of departure for three values of vl/vc = 0.95, 0.975, and 1.0.
The ideal velocity in each instance if found by assuming a velocity
factor A Vtot / A Vid (cf. Section IV) for the powered ascent and by
adding to the resulting value the velocity increment produced at the
apogee. For this increment it is possible, with good accuracy, to take
the velocity factor as being one, because propulsion occurs in vacuo
and practically in a direction normal to the radius vector. An upper
and a lower limit have been given for values of Avid, the upper limit
resulting from taking Avt/ AV = 0.85, the lower limit by taking

R tot id
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this factor as 0.89, AVtot being identical with (vl/vc)vc. It can be
seen that for small angles of departure (2 to 4 degrees) and 0.975
;g Vl/Vc i= 1.0, the ideal velocity is of the order of 29,000 to 30,500
feet per second, that is, about the same as for the spiral path. It is
indicated, however, that the use of larger angles of departure rapidly
increases the ideal velocity to values between 30,000 and 31,500 feet
per second.

The application of a small angle of departure is therefore
desirable for several reasons:

1. In order to avoid unnecessarily large apogee distances.

2. In order to keep the energy requirement at the apogee, for
modification of the elliptic path, as small as possible.

3. In order to keep the over-all energy requirement for the
elliptic path small.

Since, at the same time, the requirement of an apogee location is 4000
to 5000 nautical miles from the take-off point must be satisfied, the
desirability of a small angle of departure automatically leads to cut-off
velocities of vl/vc of 0.98 to 0.995.

From the viewpoint of flight accuracy, these results have the
following significance. Figure 14 shows a cut-off velocity of vl/vc of
0.995 to be desirable because errors in the angle of departure in this
velocity range are seen to be of very small importance for the accuracy
of the horizontal apogee distance, hence also for the horizontal distance
of the perigee and, therefore, for the appearance over the target area
at correct altitude.

However, Figure 16 shows that with increasing Vl/Vc this
apogee altitude becomes increasingly sensitive to errors in cut-off
velocity at a given angle of departure. However, Figure 16 as well as
•igure 15 indicate some alleviation of accuracy requirements with
decteasing angle of departure.

By the same token, a small angle of departure at near-circular
2 velocity also reduces the sensitivity of the perigee distance to errors

during the apogee propulsion period *. This is particularly important
* It can be assumed that errors at cut-off will be corrected by the
apogee impulse. In this case only errors at the apogee will affect
errors at the perigee.
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in view of Figure 20, which shows that a relatively small error in
apogee distance, especially to the lower side, can become very
dangerous to vehicle and pilot. A perigee altitude of 250,000 feet
instead of 300,00 . feet will increase deceleration many times (about 5
times according to Figure 20) and will change the aerodynamic heating
conditions correspondingly. Such an error, however, corresponds to
an error of only 2.114/2.119 = 0.99764 or 0.236 percent in perigee
distance rp, based on an earth radius of roo = 2.085 x 107 feet. In
this critical perigee -diistance-accuracy- requirement lies the greatest
penalty to be accepted for the otherwise favorable characteristics of
the elliptic path.

In order to find the energy requirement for additional revolu-
tions, it is necessary first to estimate the drag losses encountered
in the perigee region.

From the polar equation of a conic

r = ----------------------------------------- (27).,I + 2 +Cos 1

which, by definition as to the counting of the true anomaly 7? from the
perigee, becomes for the perigee distance

rp =-- (28)

From this one obtains

r +p I + e cos*
r T -+ - - -- --- - -- -- -- -- -- ----- (29)

orr or rp(1 + e) - 1
r

cos e- --------------------- --- (30)

For the eccentricities of the modified ellipses values between 0.02 and
0.06 are found. Assuming e = 0.04 and the altitude where drag becomes
significant as y = 500,000 feet so that r = 2.139 x 107 feet, there is
obtained with r 2.119 x 107 feet (y 300,000 feet)

,p_ - _P..-- -- _.- . .- _--
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1.02 - 1Cos '7 0.03 0.6667

7)a• 48.20 = 0 .8 4 0 7 r

The horizontal distance covered between the 500,000-foot and the
300,000-foot level is then approximately

r +r
S---- x 0.8407 = 1.79 x 10 feet = 2944 nautical miles.

In other words, deceleration acts in this case as a rather low
eccentricity ellipse over a distance of 2S % 6000 nautical miles.
The deceleration is given by D/m = q g CD S/W so that

dv qgCD S ---------------------- (31)
dt W

Using the relation

ds d• - v(32)

one can write

dv dv dt S 1-- =-T x ="-qg g C
ds dt~d = D W v

which can be transformed into the differential equation

dv ,p Sd-= P g C - ds (33)

D
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which, upon integrating with vi as "inertial" velocity (i.e., velocity
when crossing the 500,000-foot level) yields

In -S a____a-g- CD-S (34)
In T -8D s41 W/S

where s is the length of path, counting from the point on where the

500,000-foot level is intersected, and Poo /2 = . Taking for s the

whole path length from the intersection of the 500,000-foot level to the
perigee, the value has been found before to be s - 1.8 x 107 feet, and
assuming W/S = 20, CD = 0.7, and o- = 3.6 x l0-7 (corresponding to
about 400,000 feet altitude) one obtains ln.i- , - 0.0083IL

v = 0.9917 x vi - - - - - - - -- - - -- - -- - - -- - -- - - -- --  (35)

Less than one percent oC the speed at 500,000 feet is lost when the
vehicle arrives at the perigee. It may be emphasized that this result
has been obtained in spite of rather conservative assumptions; namely,
a small eccentricity, which results in a large path length s, and a
large drag coefficient.

Figure 22 shows the theoretical velocity v* at the perigee of
the modified ellipse in the range 0.95 6 Vl/Vc l 1.0 as a function of
the angles of departure. The value of the elliptic excess v - (Vc) 3 00 000
is seen to range between 120 and 1000 feet per second in the extreme
cases or between about 200 and 600 feet per second for vl/vc' close to
unity and small angles of departure. One per cent velocity loss amounts
to about 260 feet per second. This means that the vehicle, when arriving
at the perigee has nearly local circular velocity. Taking the losses
between perigee and the point of crossing the 500,000-foot level on the
way out, into account, the total velocity loss will amount to 400 to 600
feet per second, and this is the velocity increment required at the
perigee to send the vehicle off to a second circumnavigation. In view
of the conservative assumptions made, the actual value may well lie
somewhere between 1/2 and 3/4 of this number, that is, be of the order
of 300 to 400 feet per second only. Thus, energetically, the elliptic
path loo!s very attractive if more than one revolution is desired.

This is, of course, only part of the picture. As mentioned
S '"- the ellt:tic pgth requires great accuracy with respect to scalar
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magnitude and the orientation in space of the velocity vector at the
end of each propulsion period. Two propulsion periods are required
for the first circumnavigation, plus one more for each subsequent
revolution. The energy requirement for this additional propulsion
period is likewise rather sensitive for inaccuracies in the perigee
distance, especially to the lower side of r , a condition due to the
rapidly increasing air density below 300,0O0 feet. For instance, if
yu= 250,000 feet instead of 300,000 feet, a rough estimate made using
Vquation (34) with the same numerical values except for o-, which is
taken as 7.2 x 10- 7 for y = 375,000 feet, gives v/v 1 = 0.9835. Com-
parison with Equation (35) shows that this value means roughly a
doubling of the velocity loss. The absolute value still is not significant
and, from the energy viewpoint, a perigee altitude of 250,000 feet
appears still feasible, though it is probably marginal. However, the
extent to which the change occurs and the velocity loss is increased,
shows again the significance of high flight path accuracy which has
already been found in connection with the flight-mechanical discussion
of the elliptic path without air drag.

Tho descent back to the surface appears to be particularly
favorable in the case of the elliptic path. Arriving at the perigee, the
vehicle velocity is about circular, with only 4000 to 5000 nautical miles
to go between target area and take-off point. Even a maximum lift
descent furnishes more than this range. The vehicle therefore can
deviate from the great circle route as soon as the velocity is low
enough that no severe aerodynamic heating occurs from the resulting
decrease in equilibrium altitude. Sufficient power is available to
approach the launching site gradually, and with a greater safety margin.

The over-all conclusion which may be formulated on the basis
of the preceding results is that the elliptic path is very attractive,
inasmuch as it offers the possibility for several circumnavigations,
each at very little additional expense beyond what has to be spent
initially for the first circumnavigation; inasmuch as this initial energy
expense is not significantly larger, if it is larger at all, than that
necessary for the spiral path; and inasmuch as it offers in contrast
to the spiral path, the same altitude and speed over the target area,
no matter what the number of circumnavigations. The elliptic path,
however, requires great cut-off accuracy in order to make sure that
the perigee altitude remains in the region of 250,000 to 300,000 feet.
SIt also requires great accuracy as regards the attitude control of the
vehicle when re-entering the atmosphere. And it requires an

4 extremely well coordinated fast-responding dual control system in the
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form of jet control - aerodynamic control in order to damp out
posible flight path oscillation which is likely to result from inaccur-
acies in vehicle attitude when entering the atmosphere and from
deviations from the correct perigee altitude.

The elliptic flight path, therefore, is very attractive, but
apparently requires an advanced vehicle design and probably a
certain amount of flight experience in the zone between space and
the upper atmosphere before it can be used.
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VII. PATH TYPE III: CONSTRAINED

The constrained circular path is a flight path flown at constant
altitude and speeds ranging from above circular, to circular, or slightly
less than circular. The angle of attack is varied in order to provide the
required lift, beginning with a negative value, passing through zero at
circular speed, and becoming positive. Not until the highest possible lift
value is obtained, i.e., the lowest possible speed at the given altitude is
reached, does the vehicle begin to lose altitude. Thereafter, the flight
along the constrained circular path is terminated and the gl"iude portion
begins along a spiral path.

In order to fly along a constrained path, reliance on aerodynamic
forces is necessary. This brings two advantages:

1. The altitude does not have to exceed 300,000 feet for the velocities
in question (up to 30,000 feet per second as described later in this section).
This reduces the power requirement for (hence, the weight of) airborne
radar equipment, and increases the maximum feasible resolution, compared
to operation at greater altitude. These factors improve - or keep at a
relatively high level - the reconnaissance capabilities of the vehicle.

2. The need for aerodynamic forces hit~if that dynamic pressure
W'i• Ib be present. In order to mairitali a Wthhiltafty reasonable magni-

ýi* of aerodynamic forces, a dynamic presstAre of the order of 10 pounds
0'e square foot appears to be necessary. This dynamic pressure pre-
s•inably will suffice to maintain aerodynamic control in yaw and roll also.
t•lihs, the constrained path can be flown without control jets. Thereby,
hot only propellant weight is saved (which otherwise would have to be
brought up to the full cutoff speed of the vehicle) but also the need for a
dual control system (jet control for vacuum conditions and control sur-
faces for atmospheric conditions) can be eliminated. This will bring
benefits in terms of weight reduction and simplification as well as relia-
bility of the control system. However, the very presence of aerodynamic
forces also implies one basic disadvantage of the constrained path. The
effect of drag cuts the elliptic excess (speed above circular speed) to
zero in a comparatively short time. The range covered during this period
althotigh impressive on the basis of unit time - is therefore not very
large compared to the earth's circumference (20% to 50% at the most).

S' Consequently, it appears impossible to obtain more than one revolution,
* ; ,gind even for this the initial velocity must be considerably above circular

"'. i.r., ily-ut 29,000 feet per second (circlar speed 25,000 feet per
S
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second). If this excess of about 3,000 feet per second is used in connection
with the spiral or elliptic path, a large number of revolutions can be made.
Another disadvantage inherent in the reliance on aerodynamic forces is
the fact that the upper surface is the lifting surface (high-pressure sur-
face) during the early flight period so that high heating occurs on the
upper surfaces at that time. Late,, during the descending glide, the lower
surface is the lifting surface and the high heating occurs on this surface.
As a result, both upper and lower surfaces must be designed for high heat
fluxes, rather than just one as in the glide path.

An interesting, and perhaps significant, feature of the constrained
path is the fact that the period of weightlessness is cut down to the in-
stant when the vehicle passes the circular velocity level. At higher speed
the apparent weight is "negative" the force vector pointing upward and at
lower speed the weight is positive again.

The negative apparent weight follows from:

vrW =W(i--)- -- -- -- -- ------ ------- (36)app V

At the perigee

2
V - (1 +e) ----------------------- (37)

p r

ppsince in the present case one can say v = v~it follows after a short

calculation

W -e----------------- - - (38)
app

v> v
c

Fi•,ure 23 presents the apparent weight as a function of the flight velocity.
For iiicrtial volncities not exceeding 29,000 feet per second, the negative
weight remains below 30 percent of the true weight and therefore is

i ,•.�O'Vao( too difficult for the pilot to endure, especially since the

LIU1 •. the order of 15 minutes or less.
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Figures 5 through 7 indicate that for a dynamic pressure of 10
pounds per square foot at a circular velocity of 25,800 feet per second,
an altitude of 293,000 feet (56 miles or 48 nautical miles) is required.

This altitude is therefore the highest one to be taken into consid-
eration for the constrained path, because, from the viewpoint of controlla-
bility, it permits flight at this altitude until the zero lift condition is
reached. The possibility of maintaining this altitude down to a lower speed
depends on the aerodynamic characteristics as well as on the lifting area
load of the vehicle.

Figure 24 shows the dynamic pressure versus altitude for differ-
ent flight speeds in excess of the circular velocity. The graph shows that
the dynamic pressure varies less with speed than with altitude at the low
densities under consideration. For instance, if the velocity is increased
from 25,000 to 30,000 feet per second at the same altitude of 293,000 feet,
the dynamic pressure is increased from 10 to 14 pounds per square foot.

For reasons of reducing aerodynamic heating of the vehicle, it is
desirable to maintain the initial high altitude as long as poosible, even at
lower than circular speed (positive lift coefficient). If, on the other hand,
a minimum dynamic pressure of 10 pounds per square foot is assumed,
then a lower speed than circular (25,000 feet per second) is not per-
missible at 293,000 feet altitude (cf. Section IV). Consequently, if the
constrained paih is to be extended somewhat into the range of positive
(supporting) lift, a lower initial altitude is necessary. The minimum
velocity, at which q becomes 10 pounds per square foot, is then given as
a function of altitude, expressed by the density ratio

V = - - - - ---------- (39)

The resulting altitude - minimum velocity correlation is shown in Figure
25. The same graph also contains the ratio of lift coefficient over lifting
area load (lift parameter) required to hold the vehicle at the particular
altitude and at the minimum speed. The lift parameter is given by
(cf. Section IV)

CL 6 x10 4 A'. ( r- 1 -) ------- (40)
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If a lifting area load of the order of 20 pounds per square foot is assumed,
only a very small value for C,/W/S will result, since CL wviii be small.
Thus, even with very small lifting area laiads, it appears difficult to place
the initial altitude much below 293,000 feet in the hope of thereby extending
the constrained path below circular speed.

It may be emphasized at this point that the preceding considerations
are based on a velocity-altitude correlation which satisfies the condition
that q = 10 pounds per square foot. The results show that, although this
dynamic pressure may satisfy aerodynamic controllability requirements,
it obviously does not satisfy aerodynamic glide requirements, because the
high lift coefficient which is obtained at the technically feasible lifting area
loads, probably cannot be produced. This result, then, is in accord with
the findings in Section IV which also showed that the aerodynamic equilib-
rium glide altitude is lower than the altitude where q = 10 pounds per
square foot for the particular speed, namely, where q is about 3 times as
much, e.g., at 270,000 feet for 24,000 feet per second if CL = C.1 and
W/S = 20.

The flight time and the range during motion in the constrained path
follows from integration of the equations

ds dvr= D g? S C v 2

2 W 7 D

dt2 dt m

gooPo° S 2-(41)

W CD v

using the relation
2

d- L - g (1- - =0- ---------- (42)
Vdt~ m -

fi,, cc,,.stant flight altitude dO /dt 0.

"Best Available Copy
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A correct integration of the preceding equation leads to lengthy
relations for flight time and range. A simrplified solution yields

1 1 1
time interval dt = vi v v-i(43)

flight path length

As =I- In (1 + d-'Cv1 A - - (44)

and corresponding range on surface
r 1 r
00 00Ax =AS o rr In (1+ a4C vi At) (45)

where ri is the initial (constrained path) altitude and roe the radius of
the earth and where the two terms

000I~0  3 -200 lb/ft = 3.829 x 10 0 - - - - (46)o"- 2

CL 2
and C= WS ft2/lb --------------------- (47)

L/D

are assumed to be constant for the respective integration interval, At,
v is the instantaneous velocity, vi is the initial speed with which the
vehicle is delivered into the constrained path, A t is the time interval re-
quired for slowing down the vehicle from vi to v and A s and & X are the
corresponding path-length and surface-range increments. For a given
flight altitude, Or" is fixed and stays constant in a constrained path, be-
cause y = constant. Thus A t, A s, and A X increase inversely propor-
tional to C. This value, therefore, should be small. In other words, L/D
should be much larger than C 1 /(W/S). This means, as was to be expected,
for a path determined by aerodynamic fo:ces, that the range depends
essentially on getting as high an L/D as possible for as small a CL as
possibleb
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As the vehicle moving with vi > vc loses speed ./(W/3) de-
creases (or decreases) until, ai v = v. the lift parameier must be zero
(ol = zero for symmetrical profile). The variation of L/D depends on the
range of angle of attack between vi and vc. L x i wan much larger than
the angle of attack ctop, for maximum LiD, then L/D will at first in-
crease with decreasing speed until aot is reached. Thus, for a,' >
O Ooet , L/D increases while CL/(W/S) decreases. Therefore C
decreases rapidly. For c <c L/D decreases like CL/(W/S). In this
range, then, C must change muchless or even stay approximately constant.
At v = vc both CL/(W/S) and L/D are zero - hence, C is indeterminate.
Physically, there is no longer a force normal to the flight path; there is
only drag. For somewhat more accurate determination of the constrained
path data, an iterative process must therefore be applied. In the first
rough approximation, however, a constant mean value for C can be assumed
C must be a rather small value. Assuming C = 10-2 one obtains the sur-
face range and the flight time as a function of the initial velocity and the
flight altitude. For any other C the range and flight time become

2

Ax"= o .. I -- ------------- (48)

10-2
At = -t (49)

that is, range and flight time are proportional to C. It can be .seen that
the ranges obtained are comparatively small. For instance, having
vi = 29,000 feet per second, and staying in the constrained path down to
24,500 feet per second yields a range of about 4,900 nautical miles. With
the residual speed, a range of about 16,000 nautical miles is obtained
along an (L/D)max glide path. Adding a range of approximately 1000 nautic-
al miles for the powered ascent,* yields then a total of 21,900 nautical
miles, that is, just one circumnavigation. This estimate is crude, but it
shows rather definitely that more than one revolution does not appear feas-
ible, even if one assumes C values as low as 2 x 10-3 to 5 x 10-3 - values
which are not likely to be achieved.

The basic result is therefore that the constrained path cannot be
used for more than one circumnavigation. Although the exact initial
velocity required for this operation inust be determined iby a more de-
tailed investigation, it appears nwevcitlitless that ii lies co-(siderably above

'The ranLg, gained during %Vill Ibe Very hnli,; thit. 1to the

very hi0,1h cut-o&il VtlocilBv.
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circular velocity, probably somewhere between 28,000 and 30,000 feet per
second. The local circular velocity is about 25,800 feet per second. Using

v= 0.89 yields 28,8 = 29,000. It is then necessary to add 28,000 -
25,800 2,200 feet per second or 30,000 - 25,800 = 4,200 feet per second,
assuming that the elliptic excess is produced without losses. Thus, the
over-all velocity potential of the vehicle must be 29,000 + 2,200 = 31,200
to 29,000 + 4,200 = 33,200 feet per second.

The conclusions which must be drawn from these results are that
the very high energy requirement of the constrained path for as little as
one circumnavigation renders this type of path technically unattractive,
at least with chemiral rocket engines, independent of other features such
as exclusively aerodynamic control, constant flight altitude at super-
circular speed, weight throughout the flight, all of which might be considerec
to be advantageous.
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VIII. PATH TYPE IV: SUSTAINED

In the sustained path the vehicle cruises at constant speed and
altitude with the aid of a sustainer motor used to overcome the drag en-
cotntered at the particular speed and angle of attack of the body.

Obviously, if the altitude is considerably above 100,000 feet and
the velocity is much larger than about 4,000 ft/sec, the sustaining thrust
must be produced by a rocket engine. Therefore, minimization of the
propellant consumption during the cruise is of great importance. An
additional important parameter from the viewpoint of the over-all vehicle
is the take-off weight.

As far as vulnerability is concerned, it makes little difference
whether the vehicle flies at 15,000, 20,000 or 25,000 feet per second. In
all cases the. speed and the associated altitude are high enough to frustrate
even advanced air defense systems. The investigation of the sustained path
should therefore comprise circular as well as subcircular velocities.

At ncircular velocity no lift is required. The deceleration (in sur-
face g-units) due to the drag follows therefore from

cv DT - goo m -------------------- (50)

where D is in pounds

2 s
D 2•_o-v 2 a s oavw c5 (51)
W 2 D "=C 841)

where, in the case of circular velocity, v is given by •Y/r . The
dynamic presoure as well as (-n) for W/S = 20 and CD = 0.7 are presented
as a function of the altitude in Fi,.ure 20. Based on this infor'nation and on
a "lower limit" information with CD = 0.35, the thrust and propellant con-
sumption per second are found from

F =-n x W -- ----------------------- (52)

, F- (53)

sp
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where F is the thrust, W is the vehicle weight, Fsp is the specific thrust,
and * is the propellant consumption per second. The propellant con-
sumptiop per revolution follows from

w = wt ---------------------------- (54)r r

where tr is the period of revolution which obtains for different altitudes

y (ft) 300,000 400,000 500,000 600,000

tr (sec) 5,200 5,250 5,300 5,350

For W = 10,000 pounds and Fsp = 350 pounds thrust per second
per pound of propellant and using the earlier information regarding n,
the propellant consumption per revolution is obtained as shown in
Figure 26. It can be seen that from about 450,000 feet altitude on upward,
the propellant consumption per revolution is so small that several
revolutions appear feasible without obtaining an unduly heavy upper stage.

In order to account for the change in vehicle weight during the
cruise, the equation of weight decrease with time (Equation (53))

dW F no W
dt F F

sp sp

where

F
0

-n 0 - =-n
0

(the subscript zero indicating initial conditions) must be integrated to
yield

W n

In 0 --- t. -. ---------------------- (55)
S=sp

The burning time tI is of course equal to tr, assuming that, after termin-
ation of the (powere-d) cruise at circular velocity at 450,000 feet, the
vehicle is capable of glidingone more time around the earth. Figure 27

S
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ASSUMPTIONS

VEHICLE WEIGHT: 10,000 lb
LIFTING AREA LOAD: 20 lb PER SQ FTd '0 SPECIFIC THRUST: 350 SEC

_____-____DRAG COEFFICIENT BASED ON LIFTING
2 AREA (FREE MOLECULE FLOW)0

2

X, N

0

I--

N1.

,lot

9CCRUISING ALTITUDE, y - 1000 FT

SFigure 26. Sustal~ned Path - Approximate Propellant Consumption
per Revolution vs Cruising Altitude
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shows the mass ratios obtained for the upper stage as a function of y for
two values of CD. This mass ratio as well as some additional values are
presented in Table I. The tremendous increase in weight with decreasing
altitude below 350,000 feet as well as the great difference in propellant
consumption due to the final weight W, will be noted. The two values for
W1 correspond approximately to that of the upper stage of MX-2276
(15,000 pounds) and to a wingless glider (surfboard-type) upper stage
of about equal performance. It is apparent that flight altitudes between
400,000 and 450,000 feet are necessary in order to arrive at technically
feasible and reasonable upper stage weights. If an altitude of 450,000 to
500,000 feet is selected, the take-off weight for several circumnavigations
will be about the same as in the case of the spiral path.

It may be pointed out that the values given in Table I and plotted
in Figure 27 refer to one revolution. The values Wo/Wl, Wo for a given
Wl and the propellant consumption per revolution wr are obtained easily
for i revolutions by multiplying the natural logarithm of the mass ratio
by I. Therefore, In W0!W 1 has also been tabulated.

For operation at less than circular velocity the vehicle must rely
on lift for its cruise. The lift, L, must be equal to the apparent weight,
Wapp. In order to express the deceleration (in goo) in terms of L/D we
can write

-n W =D= L (56)

whence

app/W
-n = L/7 ------------------- (57)
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TABLE I. VEHICLE DATA FOR SUSTAINED FLIGHT AT CIRCULAR SPEED

y (ft) 300,000 400,000 500,000 600,000

CD = 0.7

-n (goo) 0.244 0.0101 0.00112 0.000205

In Wo/W 1  3.624 0.1512 0.01696 0.003129

W3/W1 37.337 1.163 1.017 1.0031

*A 0.973 0.14 0.0167 0.00309

W0 when W, = 10,000 lb 373,370 11,630 10,170 10,031

W° when W1 = 15,000 lb 559,950 17,455 15,255 15,046

10,000 363,370 1,630 170 31
wr (lb/rev)

r 15,000 544,950 2,455 255 46

CD =0.35

n(goo) 0.122 0.00505 0.000506 0.0001025

In Wo/W 1  1.812 0.0756 0.00848 0.0015645

o/W1 6.123 1.0785 1.00854 1.0016

* 0.8367 0.0728 0.008468 0.0016

W° when W1 = 10,000 lb 61,230 10,785 10,086 10,016

W when W = 15,000 lb 91,845 16,177 15,128 15,024

10,000 60,230 785 86 16
w (lb/rev)

15,000 90,345 1,177 128 24

= ratio of useful propellant to gross weight of vehicle or stage

'_:C RET
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For one full circumnavigation the following values are obtained (Table II)

using the tabulated values for glide altitude and L/D:

TABLE II. SUSTAINED PATH DATA FOR SUBCLRCULAR SPEED

v (ft/sec) 22,000 20,000 18,000 16,000 14,000 12,000

V (n. mi./sec) 3.63 3.3 2.97 2.65 2.31 1.98

y (10-3 ft) 240,000 200,000 180,000 165,000 155,000 146,000

L/D 3.73 4.5 4.8 4.8 4.9 5.0

Wapp/W 0.25 0.4 0.5 0.6 0.7 0.78

-n (goo) 0.067 0.089 0.104 0.125 0.143 0.156

F 8 p (sec) 350 350 350 350 350 350

tr (sec) 6,000 6,550 7,280 8,190 9,350 10,900

If only one circumnavigation is considered, the glide range XG
at the given speed after termination of the sustained path must be taken
into account. The range for which sustained operation is required be-
comes then Xs = 21,0600 - XO*, and from this results the period ts of
sustained operation. From this follow the pertinent vehicle data as
before. The relevant data are compiled in Table III.

N.,A, ctin•- (ho ýight increase (about 2%) of the path length due to
1!ý' ht :Jlilwudc.
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'1
The mass ratio is plotted in Figure 28. It shows the same steep

,* gradient as in the case of the sustained path at circular velocity. The
glide range XG in Table III refers to glide at maximum L/D. Thz- pro-

-Ipellant consumption w during the sustained portion of the path represents,
therefore, the minimum, or most favorable, value. It can be seen, for

* instance, that in the case of 22,000 feet per second initial velocity, it is
necessary for global capacity to have about 11,000 pounds propellant more
on board than used for the MX-2276. Making the rough assumption that for
each additional pound in the upper stage the take-off weight is increased
by about 40 pounds, this means an increase in take-off weight by about
465,000 pounds. With (F 2 + 02) - JP-4 as propellants, the present MX-2276
weighs about 550,000 pounds. To increase its capacity to a global level by
letting it cruise along a sustained path at 22,000 feet per second brings the
weight, therefore, to roughly one million pounds. This is the same order
of magnitude as for a global vehicle following a spiral path or a sustained
path at circular velocity, as will be seen in Section IX. However, because
the order of magnitude is the same, a more detailed investigation is re-
quired to compare more accurately a temporarily sustained MX-2276 of
global capacity with a global weapon system using the spiral or the cir-
cular velocity sustained path.

To go to lower velocities does not appear attractive. The large
increase in propellant consumption apparently outweighs all effects of a
performance reduction of the lower stages due to smaller cruising speed.

From these investigations it cat, be concluded that the sustained
circular-velocity path compares favorably with the other global flight paths
discussed before, and that it may be possible without significant penalty
(if any penalty at all) to use a partly sustained path at lower speed
( 9 22,000 feet per second), and finally that a partly sustained path at
velocities below about 22,000 feet per second does not appear promising
owing to the intensification of aerodynamic heating in this region and the
increase in propellant weight required for the duration of sustained oper-
atior.
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IX. DISCUSSION OF GLOBAL WEAPON SYSTEM PATHS

It is now possibie to summarize the essential characteristics of
the flight path types I through lV on the basis of the results gained in the
preceding sections. The information is presented in Table X, and has
been evaluated in order to arrive at a first appraisal of the relative merits
of these flight paths.

The energy requirement, based on the number of revolutions
assumed, is given in terms of the ideal velocity. Assuming that the total
energy required to send the given rest mass m over the respective flight
path is expressed in terms o• equivalent kinetic energy, then the ideal
velocity is defined byT vl = kinetic energy of rest mass + potential
energy of rest mass + ener61y lost due to gravitational pull during powered
flight + energy lost due to drag + energy lost due to steering.

-,,Aerefre, vid represents the velocity which the vehicle could ob-
tain under the ideal, loss-free conditions of propulsion in a gravity-free
vacuum. This is the velocity for which the over-all mass ratio of the
vehicle must be laid out. Table IV shows that the energy requirements
are about the same for all paths, with the exception of the constrained path.

For ignition and power plant operation, the number of individual
propulsion periods is of importance. It is desirable to keep this number
at a minimum for reasons of efficiency, and reliability of the ignition pro-
cess. In this respect, the elliptic path is less favorable, because it re-
quires a second propulsion period at the apogee.

The characteristic flight path conditions indicate extreme altitude
for the elliptic path and extreme speed for the constrained path.

The conditions over the target area are most favorable for the
spiral path which permits the lowest altitude and speed without, however,
rendering the vehicle vulnerable to enemy defense. The elliptic and con-
strained paths show near-circular velocity over the target area at an
altitude of about 300,000 feet. It is assumed in this case that the con-
strained path leads directly to the target area. If it leads in the opposite
direction, as in the case of the spiral and the ellipse, the constrained path
conditions over the target area are similar to those of the MX-2276. An
altitude of 300,000 feet may be regarded as the upper limit for the radar
reconnaissance equipment used in the MX-2276, if it is to give a reso-
lution comparable to that expected from the MX-2276. The highest
altitude over the target area is obtained from the sustained path.
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The load conditions normal to the instantaneous flight path direction,
resulting from the flight path configuration proper (i.e., excluding load
conditions during powered flight or due to maneuvering), are small in all
cases and never anywhere near the values obtained for the skip path. The
negative sign in the case of the sustained path indicates that, during flight
at greater than circular velocity, the apparent weight vector points away
from the center of the earth.

With respect to stability and control requirements, the number of
control systems needed is indicative of the weight, and relative complexity
as well as reliability to be expected. Obviously, a vehicle operating in-
side and outside the relevant atmosphere must have two types of control,
aerodynamic control within the atmosphere, and jet control or inertial
attitude control by means of gyroscopes or flywheels for vacuum flight.
The dual control is required for all paths, except the constrained path or
a sustained path at velocity lower than circular.
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X. VEHICLE WEIGHT AND CONFIGURATION

A preliminary study of the take-off weight of the global weapon
system has been conducted in order to evaluate the energy requirements
of the previously discussed flight paths in terms of vehicle weight. Be-
cause trends appear more significant at this state of the study and pres-
ently are more readily obtainable than detailed component weight deter-
minations, some simplifications have been made which will be outlined
subsequently.

The weight of each stage has been broken down into dry weight
(airframe engine installations) Wd, propellant weight serving the acceler-
ation of the vehicle in flight direction, Wa , propellant weight for auxiliary
purposes (turbine pump), W , residual propellant left in tanks after cut-
off, Wp , and payload weight W. ; with Wp = WA + Wu +W, it then is

Wd +W =W+

WX, for lower stages is the sum of all upper stages; for the upper stage
a payload weight W, of 4200 pounds has been assumed, the same as for
the present MX-2276.

The following loss factors for the propulsion phase of the individual
stages have been assumed throughout the investigation

Stage I Av =0.75AV id

Stage 2 0.94

Stage 3 (4 v)3  = 0.98

These values are reasonable averages obtained from a number of traject-
ory calculations. TMhe resulting over-all velocity factor is 1/3
(0.75 + 0.94 + 0.98) = 0.89. This value gives the correct magnitude for
the losses encountered during the propulsion period. The simplification

' __-_ _SECRET
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lies in the fact that, keeping the individual stage loss factors constant,
means maintaining about the same trajectory in view of a large range
of cut-off velocities considered. As a result, the cut-off altitudes will
vary for the different cases. The A and Wn/Wo values resulting from
the preceding loss factors are shown in Figure 29 for the three stages,
as functions of the actual cut-off velocity, using the following propellants
and specific impulses: (50% F 2 + 50% 02) - JP-4; mixture ratio by
weight, r -- 3. 5; chakmber pressure, pc = 1000 psia; Isp 316 seconds for
Stage I (exit pressure peI = 10.6 psia); and Isp2 = Isp= 361 seconds

(Pe 2 P pe 3 = 1.47 psia) for second and third stage. (T~e values of sp, and
Isp3 used were incorrectly reported to be 349 seconds in Ref. 8).

Finally, a simplification has been made by assuming a constant
ratio of dry weight to gross weight in spite of considerable variations in
take-off weight. The values (Wd/Wo) 1 = 0.20 and (Wd/Wo)2 = 0.15 have
been selected on the basis of general aesign considerations, assuming a
winged first stage and a nunwinged second stage. For the third stage,
different values (Wd/WO) 3 have been assumed to explore the effect of the
gross weight of the upper stage on the over-all take-off weight.

By varying the velocity increment of the second and third stages
for a given first stage velocity increment, and by repeating this for three
different first stage velocity increments, three curves are obtained for a
given over-all cut-off velocity, e.g., ( Av)tot = 25,700 feet per second.
By doing this for different over-all cut-off velocities, a number of sets
of three curves is obtained. They are presented in Figures 30 through 32,
for three different values of (Wd/WO) 3 . Figure 31 also shows the associated
weights of the second and third stages. The weights are plotted against
the third stage velocity increment. The location of the minima indicates a
trend toward lower take-off weights With decreasing first stage velocity
increment, down to about 5700 feet per second. From the viewpoint of
recovery economy it is significant to note that with decreasing first stage
Velocity increment the weight of the second stage goes up, hence more
hardware must be thrown away at the lower take-off waight. T•nis is a
generally valid trend, inherently connected with multistage rocket vehicles.
The more hardware is made expendable the lower will be the take-off
weight, all other conditions being the same.

From these graphs the wclghtcurvos in Figure 33 have been ob-
tained, showing four bands of over-all take-off weights for four different
values of Wd/Wo of the third stage, plotted versus the actual velocity of
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the third stage. The limits of each band represent the values found for
the "upper minimum" and the "lower minimum" for each set of three
different stage velocity distributions such as shown in Figures 30 through
32. The effect of the third stage Wd/Wo ratios on the take-off weight is
indicated in Figure 34 for four different cut-off ;-e!ecities.

Accepting a dry weight to gross weight ratio of 0.3 for a winged
third stage as a reasonable approximation, it can be seen that for the spiral
path a take-off weight of the global weapon system of 920,000 to 1,000,000
pounds can be expected.

For the sustained path with circular velocity, the primary energy
requirement is the same as for the spiral path. The additional energy re-
quirement depends on the number of revolutions as well as on the exact
cruising altitude. The velocity increment is given by Av. f goo nt, values
of which can be taken from Table I and the preceding list of tr as a function
of altitude (following Equation 54). Figure 35 shows the sustainer velocity
increments Avs for one revolution and CD = 0.7. For any other value
CD0 , the shown values must be multiplied by CD' /CD and for i revolutions
the values must be multiplied by i. It is apparent that for a flight altitude
above 500,000 feet, several revolutions would be required in order to in-
crease the vehicle take-off weight greatly over that obtained for the spiral
path. On the other hand, for 400,000 feet and below, the energy requirement
for the sustained path becomes staggering. At 450,000 feet Avs is still
550 feet per second. For two revolutions (one sustained, the other gliding)
it is therefore apparent that the sustained path does not require an appre-
ciable increase in take-off weight. However, for more revolUt!.os i.c.,
more than one sustained revolution, an altitude above 450,000 feet probably
will have to be selected.

Figure 34 indicate• the great effect of a reduction of Stage 3 gross
weight W0 3 on the over-all take-off weight Wol. Since ie over-all energy
requirements for all types of global paths and even for a combined sus-
tained-gliding IX-2270 vith near-global capacity are all at Avid A 20,000
feet per second, the most .':"-portant measure for reducingo W0 1 , 1s, apart
fromn increase in I a decrease in W 3 . This can be ,)ne effectively only

by r•movii.- the vwings from this stage and treating Jt as a hypersonic glider
i.. tU!..n a -1ore or less conventional airplane for ,viich good Jlading

::." i~nv--ort,. ",Tic lead to requirements which are in agree-
.. ;.....: !s -z:: ]-.w•'tion'al ruqiuiremeiLf,• (espechil.y, hiW'h

S. ) . ,:' ,." : *3j I. ,�i fli)o .t (t1, alities can be waintainod even if
-.,, .... O',l' the indepom idence of fli,:jit
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qualities from planforin configurations at hypersonic and high supersonic
flow. Permitting bad landing qualities or eliminating conventional landing
will, therefore, not only leave the good high-speed flight qualities un-
affected, but, in addition, will cause a substantial reduction in structural
weight (hence, in gross weight) of the upper stage. Reduction in bending
moments alone, by going from the present MX-2276 planform to a "chisel"
or "surfboard"-type body appears to make it possible to reduce the
structural weight appreciably.

Of course, since the vehicle carries a pilot it is necessary to
provide for some form of landing capability. This can be accomplished
by equipping the vehicle with a parachute. It Is visualized that Stage 3
glides to as low a velocity as possible until, at some subsonic speed, the
stalling point is reached. Thereafter the parachute is released to accom-
plish the final descent to the surface. Low lifting area load will permit
high equilibrium altitudes until the release of the parachute at subsonic
speeds, The low-aspect ratio body-surface can operate at high angles
of attack (25 to 35 deerees)to produce considerable lift (although a very
bad L/D which, however, is not important here). The para,.hute can be
expected to be comparatively light, because it has to function at subsonic
speeds only.

If, taking this additional equipment into account, (Wd/Wo) 3 is re-
duped from 0.3 to 0.25 (that is, only 1/6), the weight is reduced from 1.4 x
10 to 106 pounds (for Avtot 26,700 feet per second) or from 106 pounds
to 750,000 pounds for Avtot = 25,700 feet per second.

This reduction in take-off weight is considerable Pnd will Justify
a iure detailed investigation of this suggestion,

0
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XI. CONCLUSIONS

It is not yet possible to single out the best path. However, this
preliminary analysis has shown that the very high energy requirement
for the constrained path is a serious disadvantage which necessarily
must lead to larger vehicle take-off weights than in the other cases, or
else to a severe restriction in payload capacity. The elliptic path is
particularly sensitive to inaccuracies in cut-off velocity and cut-off
angle and requires skillful operation at the apogee in order to enter
the perigee at the correct altitude. Therefore, the elliptic path will
require an advanced guidance, attitude control, and navigation system.

This leaves the spiral path and the sustained path, or a combin-
ation of these two as being of greatest immediate interest. It has been
found in Section V, on the basis of the Rand atmosphere data as well as
plausible, though perhaps somewhat conservative assumptions regarding
the drag coefficient, that for one circumnavigation the spiral path re-
quires an initial altitude of at least 400,000 feet. For the same altitude,
twoM. .c,-m-,1"ations, one sustained Fnd thA RACond gliding (spiral)
requires 2,455 pounds (cf. Table I, W1 - 15,000 pounds, CD - 0.7) of
propellant in excess of what is needed for 1 spiral revolution (unpowered
glide). It is obviously possible to reduce the initial altitude somewhat,
to use a sustained path at circular velocity for 1/4 or 1/3 of the
circumference, and then to enter the spiral path. Such combinations
should be investigated, although, on the basis of the present results,
not too much hope should be attached to them for finding a strikingly
superior aolution, because of the very bad lift/drag ratios under the
flight conditione between 360,001 and 400,000 feet (essentially free
molecule flow), and because of the rapidly increasing deceleration
below 400,000 foot.
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XII. RECOMMENDATIONS

For �dditional, more detailed flight path investigations it
appe"ars justified to recommend especially the following studies:

1. More detailed cuizputation of initial altitude-range relations
for the spiral path.

2. Additional investigations of the sustained path to determine
data such as given in Tables I thro'igh II for specific vehicle weights,
with emphasis to be placed on engine operation with continuously
reducing thrust and its effect on the weight and complexity of the
rocket engine assembly. Also the effect of the operational altitude
should be studied further.

3. Investigation of the relative merits of a combined sustained-
spiral path for one circumnavigation at a somewhat lower altitude
than possible for either one spiral circumnavigation or one sustained
circumnavigation plus one subsequent spiral circumnavigation.

4. Investigation of the feanih!lty of increasin, Lhe range oA

MX-2276 to global or reasonably near-global capacity (perhaps some-
thing like 18,000 to 19,000 nautical miles) so as to locate the landing
site closer io the continental United States, thereby facilitating and
expediting the return of Stage 3 to the launching site and to become
irndopondent of more remote countries in establishing landing sites
for the M2C-2276.
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